and Mn III ions in the powder sample. Brillouin function fits to the field-dependent magnetization suggest that the total spin ground state in the submonolayer is much lower than S TOT = 83/2 of the pristine molecules. These findings suggest that significant changes of the electronic structure, molecular geometry, and intramolecular exchange coupling take place upon surface deposition. A sample with coverage of 2−3 monolayers shows the presence of Mn III , suggesting that a decoupling layer could stabilize the Mn 19 core on a metallic surface.
■ INTRODUCTION
Molecular nanomagnets are promising candidates for applications in molecular spintronics, high-density data storage, and quantum information processing. 1−5 A possible means to exploit their properties is to deposit them on surfaces such that they can be addressed one-by-one, e.g., by using a scanning tunneling microscope (STM) tip. Indeed, the surface deposition of molecular nanomagnets is an emerging focus in the field of molecular magnetism. 6−13 By using coordination cluster molecules as building blocks it is further possible to create new hybrid materials with properties that can be different from those of the molecules in the pristine, crystalline form. 14−19 To obtain a stable molecule−substrate system, it is useful to add functional end groups to the encapsulating ligands of coordination clusters which are suitable to attach the respective molecule to the surface of choice. Such functional end groups can be thiol groups and relatives forming covalent bonds with gold surfaces. 7,20−24 Chemisorption of molecules helps in the formation of monolayers because the adsorption energy of the first molecular layer on a substrate is significantly larger than that of the subsequent layers. Hence, it is possible to use wet chemistry which is well-suited for large molecules which cannot be sublimed because of their fragility.
Here we have chosen a member of the Mn 19 family of spin clusters because of their robustness and their extraordinarily large spin ground states. 25−30 Furthermore, the trigonal symmetry within these molecules results in the canceling of the contributions of the individual Mn III ion easy axes so that the molecules do not exhibit significant magnetic anisotropy. 24, 27 This makes them ideal candidates in the search for a possible symmetry breaking as a result of surface deposition, i.e., for a surface-induced magnetic anisotropy. Recently, some of us have developed synthetic methodologies through which structurally related cluster systems displaying interesting topologies and/or exhibiting fascinating magnetic properties can be assembled. 26, 27 Some of these synthetic advances have been employed in the preparation of Mn 19 (R) clusters. In the following, the abbreviation Mn 19 (R) refers to the respective Mn 19 clusters without counterions and noncoordinated solvent molecules, with R the para-substituent on the phenolic organic ligands. Three different substituents are discussed in this work, R = {Me; OMe; SMe}, with "Me" denoting the methyl group. With surface deposition in mind, and within the framework of our continuing efforts to expand investigations on Mn 19 (R) systems, we prepared the recently reported cluster Mn 19 (SMe). 30 In designing our target compound we took note of the finding that the Mn 19 ), which has a methylmercapto functionality, was targeted because this end group promotes an interaction with the gold substrate that is weaker and more reversible than that of the corresponding thiophenol. 32−34 We report herein on the X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) 35 6 ]Cl 2 ·27MeOH (3), 30 here abbreviated as Mn 19 (SMe), adsorbed with different coverages on Au(111) surfaces (Figure 1 ). XAS and XMCD are receiving growing interest because they allow the investigation of the magnetic properties of submonolayers of magnetic atoms and molecules on surfaces with elemental selectivity. 7, 10, 17, 34, 37, 38 Whereas XAS gives information about oxidation states and ligand field, XMCD is sensitive to the magnetic moment localized at the element under investigation.
The structure of 3 consists of a central inorganic {Mn 
■ EXPERIMENTAL SECTION
To study the magnetic properties of surface-deposited Mn 19 (SMe), we prepared three samples from solutions of 3 in MeOH and a polycrystalline powder sample of 3. The sample descriptions are given in Table 1 .
Au/Mica substrates (Phasis Sarl, Switzerland) were soaked overnight in 1.5 × 10 −5 M, 1.5 × 10 −6 M, and 1.5 × 10 −7 M solutions of Mn 19 (SMe) in methanol. Then the samples were rinsed with methanol and briefly dipped in an ultrasonic bath before being transferred into ultrahigh vacuum. Samples B, C, and D were mounted on the same sample holder. The powder sample A was prepared by pressing the polycrystalline powder of 3 into indium foil.
X-ray absorption spectra were measured at the X-Treme beamline line 39 (Swiss Light Source, Paul Scherrer Institut in collaboration with Ecole Polytechnique Fedeŕale de Lausanne) in total electron yield (TEY) mode at temperatures down to 6 K and magnetic fields up to 6.5 T. The beam was defocused (∼1 mm 2 diameter), and the X-ray flux was kept very low. Energy scans were measured at the Mn L 2,3 edges on-the-fly, that is, the monochromator and insertion device were moving continuously while the data was acquired.
40 Element-specific M(H) curves were obtained by measuring the TEY at the energy of maximum dichroism (or at another energy specified in the main text) and at the pre-edge in an alternating fashion while ramping the magnetic field. Repeating this procedure for the two helicities of the X-rays and calculating the difference signal yielded the XMCD(H) curves shown in this work.
■ RESULTS AND DISCUSSION
The XAS recorded on samples A−D are shown in Figure 2 . The X-ray spectra of the mixed-valent Mn ions at different sites superpose here, giving rise to rich spectral shapes. Whereas the Mn L 3 XAS of the powder sample (A) exhibits a comb of four distinct and strong features, virtually only two peaks are present for the lowest two concentrations (C and D). Sample B shows an intermediate behavior. Numerical calculations of the XAS based on a multiplet approach 41 in which the ligand field is parametrized by effective point charges suggest that the first (α) and part of the third (γ) peak can be attributed to Mn II , whereas the second and fourth (β and δ, respectively) peaks result from Mn III . Thus, the spectra shown in Figure 2 clearly indicate that the ratio of Mn II versus Mn III ions is greatly enhanced upon surface deposition, and in samples C and D all Mn III have been reduced to Mn II . It should be noted that photoreduction is absent because subsequent spectra do not show any change of the Mn XAS in time. While it is difficult to estimate the coverage with molecules by comparing the XAS of the powder and the surface-deposited molecules, a reasonable estimation of the molecular coverage can be achieved by comparing the Mn L 3 peak height versus pre-edge ratio with surface-deposited Mn-porphyrins. 42 The estimation yields 2.3, 0.5, and 0.14 monolayers for samples B, C, and D, respectively, The Journal of Physical Chemistry C Article with one monolayer defined as a single close-packed layer of molecules. Because the similar cluster 1 has been shown to be redox-stable also in dilute solutions, 43 our results indicate that the interaction with the Au substrate must be responsible for the reduction to Mn II . The XMCD spectra measured on samples A−C are presented in Figure 3a −c. Clearly, these spectra reflect the behavior of the XAS as seen in Figure 2 , showing a trend toward reduction to Mn II with decreasing concentrations and surface coverage. The sum rule analysis (cf. Supporting Information) reveals spin and orbital magnetic moments M s = 3.8 ± 0.4 μ B and M l = 0.4 ± 0.1 μ B in sample C with ∼0.5 monolayers coverage. In octahedral symmetry, M s = 5 μ B and M l = 0 μ B would be expected for Mn II . The presence of an orbital magnetic moment therefore suggests a lowering of the ligand-field symmetry, which probably originates from surfaceinduced distortions. Figure 3d ,e for samples B and C at normal (θ = 0°) and grazing (θ = 60°) incidence of the X-rays, which probe the magnetic moment along the X-ray beam direction coinciding with the magnetic field direction. No hysteresis was observed; thus, the averages between backward and forward sweeps are shown. Because differences in the spectral weight of the Mn II and Mn III oxidation states were observed in the XMCD spectra of sample B (cf. Figure S2 of the Supporting Information), M(H) was recorded at two X-ray energies. These energies correspond to the peaks α and β as indicated by arrows (E α = 637.50 eV and E β = 638.25 eV) in Figure 3b ,c. Indeed, the M(H) curves obtained at the two peak energies are distinct in that the curve measured at E β shows the onset of saturation but the curve measured on E α does not. It should be noted that the responses, i.e., the TEY, from the first and second molecular layers in sample B are superposed in the two M(H) measurements shown in Figure 3d because of the ∼5 nm sampling depth in TEY detection. The M(H) measurements of samples B and C do not exhibit any angle dependence, i.e., no significant magnetic anisotropy is found. To obtain information about magnetic coupling between the Mn ions, we performed least-squares fits of the Brillouin function to the M(H) curves shown in Figure 3d ,e. In the fits, the temperature was fixed to that of the experiment (T = 6 K) and the total spin S TOT was left free to vary. The Mn g-factor was fixed to g = 2.0. The fits revealed that S TOT , α = 2.51 ± 0.07 in sample C, and S TOT,α = 5.0 ± 0.3 and S TOT,β = 7.6 ± 0.3, corresponding to the XMCD measured on the α and β peaks, respectively, in sample B. The value for sample C corresponds to a magnetic moment of ∼5 μ B , which is larger than the value of ∼4 μ B extracted from sum rules. Thus, the total spin S TOT value is much lower than that of the bulk compound in which S TOT = 83/2. 25 Taking into account experimental errors and that the value ∼4 μ B was obtained close to but not in full saturation, S TOT of the submonolayer sample is, if at all, only slightly larger than the sum rule result. This could be explained either by a very weak ferromagnetic coupling between Mn II ions or by mixed ferromagnetic−antiferromagnetic couplings almost compensating each other. Sample B displays larger values of S TOT , with S TOT,β > S TOT , α because peak β probes mainly Mn III , which is contained only in the second and higher layers as inferred from Figure 2 . Thus, the magnetic properties of the molecules in the second layer appear to be closer to those of the pristine molecules, suggesting that in the second layer the Mn 19 core could be present in the nondistorted, pristine form. As to the first layer, STM investigations described in the Supporting Information suggest that the molecules in the first layer are still structurally complete on the gold surface. The presence of different adsorption geometries is likely because of the nonflat three-dimensional shape of the Mn 19 clusters and because of the presence of many anchoring sites given by the −SMe groups. From considerations of the molecular structure and S− Au bond formation, three possible adsorption geometries are proposed and depicted in the Supporting Information: In an upright geometry, Mn 19 (SMe) is bound to the surface via three thioether groups, and two side-on geometries can be identified involving three or four thioether groups. The presence of different adsorption geometries is corroborated by the rather large spreads observed in the area and apparent height histograms shown in Figure S4 of the Supporting Information. Note that on adsorption the orientation of the methyl part of −SMe can rotate about the bond between the S and the para The Journal of Physical Chemistry C Article carbon atom on the aromatic ring, away from the positions taken in the molecular crystal.
The normalized M(H) obtained from XMCD are depicted in
Observations similar to those presented in this study were made in recent efforts to deposit monolayers of the Mn 12 family on gold surfaces, 34,44−48 where a significant reduction of the magnetic core with respect to the pristine molecules was found when in direct contact with the metal. Among the reasons for the Mn reduction, there are (i) surface-to-molecule charge transfer, (ii) intramolecular charge reorganization, and (iii) partial loss of outer ligands. These effects may be linked to surface-induced molecular deformations, i.e., changes of the molecular structure on the surface, altogether leading to a concomitant change of the molecular electronic structure. These changes which take place on energy scales of electronvolts will have a significant effect on the intramolecular exchange coupling which is typically in the millielectronvolt energy range. The modification of the exchange coupling can therefore be considered as a secondary effect triggered by the reorganization of the molecular electronic structure. As mentioned before, our data indicate that indeed a surfaceinduced distortion of the Mn II ligand field occurs. The decrease in the steepness of the magnetization M(H) curves of the first layer of molecules demonstrates that a significant change of the magnetic properties upon surface deposition takes place, which must be related to the modifications of electronic structure, molecular geometry, and the subsequent alterations of the intramolecular magnetic exchange coupling. The presence of such modifications was also suggested by a recent density functional theory study. 49 Interestingly, the Mn reduction is almost absent in the Mn 6 single-molecule magnet when deposited on a Au(111) surface. 50 In view of the finding that the second layer of molecules is of mixed valence kind similar to the pristine molecules, the introduction of spacer molecules 44, 51 or decoupling layers such as hexagonal boron nitride or graphene 52, 53 could be a viable means of protecting the Mn 19 (SMe) molecules from reduction.
■ CONCLUSIONS
We have studied Mn 19 (SMe) as a powder sample and deposited on Au(111) surfaces from solutions of different concentrations by XAS and XMCD to investigate their chemical and magnetic properties. XAS indicates that the first molecular layer contains virtually only Mn II , in contrast to the presence of Mn II and Mn III ions in the polycrystalline powder. In the second layer, the ratio of Mn II and Mn III ions is closer to that of the powder sample. This suggests a charge transfer from the metal surface, an intramolecular reorganization of charges, and/or a partial loss of ligands leading to a strong modification of the magnetic properties of the molecules. Brillouin fits to the field-dependent magnetization M(H) reveal that in the submonolayer the total spin S TOT is considerably lower than that of the pristine molecules. The Mn reduction found here is comparable to that reported in previous studies of surface-deposited Mn 12 singlemolecule magnets.
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